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Programmed Recognition between Complementary Dinucleolipids
To Control the Self-Assembly of Lipidic Amphiphiles
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Abstract: One of the major goals in systems chemistry is to

create molecular assemblies with emergent properties that

are characteristic of life. An interesting approach toward this
goal is based on merging different biological building blocks

into synthetic systems with properties arising from the com-
bination of their molecular components. The covalent link-

age of nucleic acids (or their constituents : nucleotides, nu-
cleosides and nucleobases) with lipids in the same hybrid

molecule leads, for example, to the so-called nucleolipids.

Herein, we describe nucleolipids with a very short sequence
of two nucleobases per lipid, which, in combination with hy-

drophobic effects promoted by the lipophilic chain, allow

control of the self-assembly of lipidic amphiphiles to be ach-

ieved. The present work describes a spectroscopic and mi-
croscopy study of the structural features and dynamic self-
assembly of dinucleolipids that contain adenine or thymine
moieties, either pure or in mixtures. This approach leads to
different self-assembled nanostructures, which include

spherical, rectangular and fibrillar assemblies, as a function
of the sequence of nucleobases and chiral effects of the nu-

cleolipids involved. We also show evidence that the resulting
architectures can encapsulate hydrophobic molecules, re-
vealing their potential as drug delivery vehicles or as com-
partments to host interesting chemistries in their interior.

Introduction

Systems chemistry represents a new approach in the molecular

sciences, and encompasses a holistic view of complex chemical
systems, understood as sets of diverse molecules interconnect-

ed through transformation and/or self-assembly processes.[1–3]

The field of systems chemistry is thus called on to provide key

insights into the resolution of major open scientific questions,
such as how life could emerge from inert matter and whether
it is possible to engineer artificial life-like processes and materi-

als.[4–7] Toward this goal, it is common to study the merging of
different biological building blocks into synthetic systems with

properties arising from the combination of their biomolecular
components.[8–10] This approach is normally based on self-or-

ganization and/or chemistries that are dynamic in nature,[11–14]

and by looking closely at chiral effects of those components to
reach specific morphologies.[15–17] The long-term goal of this

strategy is to create chemical networks and assemblies with
emergent properties that are characteristic of life.[18]

An interesting example of the aforementioned approach lies
in the combination of nucleic acids (or their constituents: nu-
cleotides, nucleosides and nucleobases) with lipids in the same

hybrid molecule, leading to the so-called nucleolipids.[19, 20]

Whereas the main biological role of nucleic acids is to store

and process genetic information, lipids are key structural ele-
ments of membranes, as boundaries that allow the compart-

mentalization of cellular processes. Merging the properties of
nucleic acids or their molecular components with that of lipids

has therefore attracted much attention in recent times,[21]

mostly for the design of artificial molecular devices[22, 23] and
various therapeutic strategies.[24, 25] Herein, we show a possible

use of nucleolipids in the context of systems chemistry, to ach-
ieve control of the self-assembly of lipidic amphiphiles, either

pure or in mixtures, leading to different self-assembled nano-
and microstructures as a function of the sequence of nucleo-

bases present in the nucleolipid system. Moreover, some of

the structures obtained in this work can encapsulate hydro-
phobic molecules, revealing a potential as delivery vehicles of

hydrophobic drugs or as compartments to host interesting
chemistries in their interior.

A few researchers have studied the aqueous supramolecular
organization of natural or synthetic nucleolipids with a single
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nucleoside polar head.[26–30] This approach does not allow the
self-assembly pathway to be directed through base comple-

mentarity because a single nucleobase in the polar head is not
sufficient to establish adequate specificity between the nucleo-

lipid molecules. In turn, control over self-assembly of comple-
mentary single-nucleobase monomers has been achieved in

the RAFT copolymerization of methacryloyl derivatives.[31] The
present article describes the first steps toward achieving this
type of control over the self-assembly of lipidic amphiphiles,

by designing and studying nucleolipids with two nucleobase
moieties at the polar head (i.e. , dinucleolipids, a term coined

herein in analogy to dinucleotides). In particular, we have syn-
thesized dinucleolipids composed of two adenine (1 A) or thy-
mine (1 T) units, linked through amide bonds to a b-aminoala-
nine, the carboxylic acid group of which was previously esteri-

fied with oleyl alcohol (Figure 1 A).
Key novelties in the design of compounds 1 A and 1 T are

the presence of two nucleobases per lipid, enriching the possi-

ble pathways of self-assembly, and the rich chemical function-
ality of the amino acid spacer, which enables introduction of

up to three active components (i.e. , two nucleobases and one
lipid chain) within a three-carbon structure. Importantly, it is

known that for nucleic acids such as DNA, two nucleotides are

not enough to hybridize (a minimal sequence length of four
nucleotides is required in high concentration of salt, e.g. , 1 m
NaCl).[32, 33] For compounds 1 A and 1 T, however, hydrophobic
effects promoted by the lipophilic chain cooperate with the

nucleobases to favor self-assembly. A further piece of control is
brought through the study of 1 A and 1 T, not only in the race-

mic form but also as enantiopure compounds (1 A* and 1 T*,

see the stereogenic center in Figure 1 A), aimed at assessing
the effect of chirality on the supramolecular organization of di-

nucleolipid systems by circular dichroism (CD) spectroscopy
and microscopy techniques. Figure 1 B shows the strategy fol-

lowed to study the aqueous self-assembly of these dinucleoli-
pids, either alone or in 1:1 mixture. The type of assemblies ob-

tained is determined by the nucleobase present in the dinu-

cleolipid structure, allowing their programmed recognition
when mixed. The dynamics of passing from one assembly

mode to the other is also studied, as well as their capacity to
incorporate hydrophobic dye molecules in the resulting assem-
blies.

Results and Discussion

Synthesis and spectroscopic characterization of dinucleoli-
pid self-assemblies

Compounds 1 A and 1 T were prepared from b-aminoalanine,

according to the synthetic pathway shown in Scheme 1. In the
route to the enantiopure compounds 1 A* and 1 T*, l-b-amino-

alanine was employed as the starting material, but the experi-

mental procedures were identical and yields were comparable
to those of the racemic route. The first synthetic step consisted

of an esterification of the N-Boc protected b-aminoalanine de-
rivative (2)[34] with oleyl alcohol, mediated by 1-ethyl-3-(3-dime-

thylaminopropyl)carbodiimide hydrochloride (EDC). After de-
protection of the amino groups in (3) with 4 m HCl in 1,4-diox-

ane, which yielded the oleyl b-aminoalanine ester derivative

(4), an EDC-based coupling reaction with thymine-1-acetic acid
(5) resulted in the formation of dinucleolipid 1 T. For the syn-

thesis of dinucleolipid 1 A, 6-N-tert-butoxycarbonyl-9-carboxy-
methyladenine (6)[35] was used as building block in a similar

coupling reaction, and so a final step of deprotection of the
adenine amino group in compound 7 with trifluoroacetic acid

was necessary.

The self-assembly behavior of dinucleolipids 1 A, 1 T, and
their equimolar mixture (1 A·1 T), was studied in 5 mm HEPES

buffer at pH 7.5. All samples were prepared by injecting small
volumes of stock solutions in dimethyl sulfoxide (DMSO) (nor-

mally 1.5 or 10 mm, depending on the final target concentra-
tion) into freshly prepared HEPES buffer, ensuring that the final

proportion of DMSO was <5 %. Under these conditions, an ini-

tial assessment of self-assembly was obtained by UV/Vis turbid-
ity measurements, monitoring the absorbance at 400 nm (A400)

with dinucleolipid concentration. As none of the studied com-
pounds present any absorption band at such a wavelength

(Figure S1), this kind of measurement accounted for the scat-
tering caused by the obtained assemblies.[36, 37] In particular,

Figure 2 A was assembled from three different series of con-

centration-dependent UV/Vis spectra (i.e. , for 1 A, 1 T and
1 A·1 T; see Figure S2 as an example). The scattering increased
gradually with dinucleolipid concentration, showing that both
1 A and 1 T self-assembled in the aqueous medium, but the

extent of self-assembly was much more prominent for the
1 A·1 T mixture.

Figure 1. A) Structure of dinucleolipids 1 A and 1 T, presenting complementary nucleobases in each of their respective polar heads: two adenine (for 1 A) or
two thymine (for 1 T) moieties, respectively. B) Cartoon showing the strategy for studying the types of nanostructures yielded by 1 A (spherical assemblies)
and 1 T (crystal-like rectangular assemblies) in aqueous medium, and their transformation into a third type of structure (fibrillar assemblies) when they are
mixed.
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A closer inspection of the obtained turbidity profiles re-

vealed differences in the behavior of the studied amphiphilic
systems. Dinucleolipid 1 A, for example, did not present any

scattering at 400 nm until its concentration was above ca.
50 mm (Figure 2 A, blue data, blue dashed line), indicating that

the adenine moieties do not induce self-assembly at low con-
centrations. The A400 started increasing from there, though

with very low intensity until the 1 A concentration was above

200 mm, probably because of the low number and size of the
formed assemblies at an intermediate concentration range (see

below).
For dinucleolipid 1 T on the other hand, there was scattering

throughout the examined concentration range. The absorb-
ance profile in this case presented three regions with different

Scheme 1. Synthetic pathway for the preparation of compounds 1 A and 1 T.

Figure 2. A) UV/Vis turbidity profiles of compounds 1 A (blue), 1 T (red) and the mixture 1 A·1 T (green) versus concentration, showing scattering at 400 nm
due to self-assembly in aqueous medium. Plots of the emission of the fluorescent probe DPH at 428 nm (lexc. = 355 nm) upon adding increasing concentra-
tions of: B) 1 A, C) 1 T, and D) the mixture 1 A·1 T. The fluorescence plots were performed at 37 8C, to ensure a reasonable initial solubility of the DPH probe.
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slopes, with transitions between them at ca. 50 mm and ca.
200 mm (Figure 2 A, red data, red dashed lines). It is known

from turbidity measurements of fatty acids and other lipid as-
semblies that a change in slope of the absorbance profile indi-

cates a transition between different self-assembly regimes.[36]

These regimes for compound 1 T will be discussed below, in
light of their TEM inspection. Finally, the interaction between
1 A and 1 T provoked an almost linear increase of turbidity
with concentration (Figure 2 A, green data) that was signifi-

cantly steeper than for the pure compounds 1 A or 1 T alone.
Although NMR spectroscopic analysis in D2O solution did not
allow us to discern the nature of the latter interaction (due to
the common intense broadening of NMR peaks in aqueous

medium; data not shown), complementarity in the sequence
of nucleobases of both dinucleolipids must be responsible for

such an intense increase in turbidity.

To further assess the self-assembly behavior of 1 A, 1 T and
1 A·1 T, fluorescence assays were conducted (Figure 2 B–D), by

titration of the apolar fluorescent probe 1,6-diphenyl-1,3,5-hex-
atriene (DPH) with increasing amounts of dinucleolipid in the

same assembly buffer (5 mm HEPES, pH 7.5). DPH (2.5 mm),
with excitation and emission wavelengths of 355 and 428 nm,

respectively, dissolves in the hydrophobic interior of aqueous

assemblies, whereupon it exhibits an increase in fluorescence
that points to the critical assembly concentration (cac). The ti-

trations were performed for dinucleolipid concentrations up to
1 mm (see Figure S3 as an example) ; however, data are pre-

sented until either the saturation point was reached or turbidi-
ty caused too much dispersion of data. Importantly, a cac

value of ca. 50–60 mm was confirmed for compound 1 A (Fig-

ure 2 B), whereas compound 1 T and the mixture 1 A·1 T
showed self-assembly even in the most dilute samples (10 mm)

(Figure 2 C and D), in accordance to the observations made by
UV/Vis spectroscopy. For compound 1 T, changes in the emis-

sion profile were found at similar concentrations as for the tur-
bidity measurements (see red dashed lines in Figure 2 C). In

the case of 1 A·1 T, in turn, saturation is reached at much lower

concentration (ca. 40 mm), which confirms the more prominent
intermolecular interactions in this case. Strong aggregation ac-

tually provoked a significant dispersion of data from 150 mm
and turbidity that was visible to the naked eye at the highest

concentrations, indicating that the mixture was approaching
its limit of solubility. Interestingly, DPH emission was more pro-
nounced when inserted into the assemblies formed by dinu-

cleolipid 1 T than in those formed by 1 A or the 1 A·1 T mixture.
This effect was confirmed by carrying out similar titrations with

another fluorescent probe, coumarin 155 (C155), giving rise to
a similar behavior (Figure S4), which is probably related to the
internal structure and morphology of the assemblies formed
by 1 T (see below).

Dynamic studies of dinucleolipid self-assembly

An interesting aspect to be explored in relation to the different
self-assembly regimes shown by dinucleolipids 1 A, 1 T and
1 A·1 T, is the conversion of one type of assembly (e.g. , those
formed by 1 A and 1 T) into a third type as a consequence of

establishing complementary interactions between them. To
this end, dynamic turbidity measurements were performed on

assemblies arising from sequential combination of low-scatter-
ing 1 A and 1 T (Figure 2 A, red/blue data) to obtain high-scat-

tering assemblies (Figure 2 A, green data). This kind of experi-
ment has been widely utilized to study the matrix effect in

self-reproducing vesicles, consisting of monitoring the increas-
ing scattering by vesicles that grow and divide upon addition
of low-scattering fatty acid micelles.[38] Figure 3 shows a repre-

sentative example in which assemblies of compound 1 A
(100 mm) were injected into a solution of assemblies of com-
pound 1 T (100 mm), both in the same HEPES assembly buffer-
ing conditions (see above).

The addition of 1 A was performed directly into the UV/Vis
cuvette where the absorbance of 1 T at 350 nm was being

monitored in situ over time. This wavelength was chosen in-

stead of 400 nm to increase the scattering signal, which is in-
versely proportional to wavelength, thus minimizing signal

fluctuations that occur due to turbulence effects when the
second component solution is injected into the first one. Inter-

estingly, signal increase began immediately after mixing and
reached a plateau in less than five minutes (Figure 3, black

curve), revealing the very fast dynamics of conversion from

one type of assembly into the other, which actually does not
permit the fitting of a kinetic constant. Control experiments, in

which the added solution just contained an identical volume
of buffer (Figure 3, red curve) or 100 mm of compound 1 T
(blue curve), showed a more prominent signal fluctuation
during the first seconds after mixing, probably due to the tur-
bulence effects noted above. After signal stabilization, howev-

er, they led to the expected results ; that is, a flat line for the
latter and a dilution effect for the former. The inverse experi-

ment, in which assemblies from compound 1 T were added to
assemblies from compound 1 A, revealed a similar behavior
(Figure S5), suggesting that the same final assemblies are
formed from both initial stages. It is important to underline

Figure 3. Dynamic turbidity experiments in which scattering at 350 nm was
monitored over time, showing the transformation of low-scattering assem-
blies formed by 1 T into different types of high-scattering assemblies when
they are mixed.
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the clear differences between previous experiments, in which
the dinucleolipids were first mixed in a DMSO stock, and these

dynamic studies, in which the initial dinucleolipid solutions are
in buffer and already preassembled.

Structural characterization of dinucleolipid self-assemblies

The size and morphology of assemblies were studied by dy-
namic light scattering (DLS), transmission electron microscopy

(TEM) and atomic force microscopy (AFM). DLS experiments

were used to determine the hydrodynamic diameter of the as-
semblies formed by 1 A, 1 T and the mixture 1 A·1 T at various

concentrations. For compound 1 A, DLS results depended on
concentration: it was impossible to obtain good correlograms

below the cac, whereas particles with variable, concentration-
dependent sizes in a range from 97.4:42.5 nm (at 500 mm) to

244.7:147.3 nm (at 120 mm) and good polydispersity values

(PDI &0.17 and 0.27, respectively) were observed over that
threshold (Figure 4 A). This inverse relationship between size

and polydispersity values with concentration is common for
vesicles from both ionic and neutral surfactants[39] and, togeth-

er with the found size range and microscopy observations de-
scribed below, suggests the possible vesicular nature of the

1 A assemblies. Compound 1 T, in contrast, showed narrow sig-
nals in the same size range (Figure 4 B); that is, from 86.0:
35.2 nm (at 500 mm) to 148.8:63.9 nm (at 10 mm), with low
polydispersity values (PDI &0.16 and 0.18, respectively) for the
whole range of concentrations at which this dinucleolipid self-

assembles (from 10 mm 1 T). Concerning the 1 A·1 T mixture,
self-assembly led to structures of a completely different

nature; these were much larger in size but also more polydis-
perse, with correlograms of poor quality that made DLS meas-
urements inaccurate. This result is explained by the microscopy
finding that 1 A·1 T forms fibrillar assemblies (see next para-
graphs), and so they are not well approached using DLS spher-

ical fitting models.

TEM provided key insights about the different self-assembly
behavior presented by the two dinucleolipids alone and their

mixture (Figure 4 C–F). TEM samples were prepared at different
concentrations and studied on carbon-coated copper grids,

which were previously hydrophilized by glow discharge.
Height and phase AFM images of thin dinucleolipid deposits

on mica were also recorded to contrast TEM observations (Fig-
ure S6). Importantly, spherical assemblies with an average di-

ameter of 47:5 nm (as determined by AFM, Figure S6A) were

abundant over the whole sample surface for compound 1 A
(Figure 4 C), provided that its concentration was above the cac.

At 80 mm, the assemblies appeared very dilute and ill-defined,
as if they were partially formed and agglomerated (Figure S7).

At higher concentrations (e.g. , 200 mm), their irregular TEM ap-
pearance is probably due to flattening during the drying

phase of sample preparation, as they adhere to the grid sur-

face and dehydrate. This conclusion is reinforced by the obser-
vation that the spherical assemblies composed of enantiopure

1 A* did not present such distortion (Figure 4 D and S8), proba-
bly because the better packing of 1 A* leads to a more robust

structure, which does not flatten on the TEM grid. We tenta-
tively ascribe these spherical assemblies to vesicles. However,

cryo-TEM could not be performed to obtain evidence of an in-
ternal aqueous compartment, because the limited solubility of
1 A and 1 A* does not allow the concentrations required for

proper cryo-freezing to be reached. Hence, the idea of other
types of solid lipid nanoparticles cannot be discarded.

The behavior of dinucleolipid 1 T was very different, as it
gave rise to rectangular assemblies (Figure 4 E), widespread

over the grid for samples containing more than 200 mm of am-

phiphile. At lower concentrations (e.g. , 80 mm), similar objects
but shorter in length were observed, and more diluted on the

grid surface (Figure S9), which we hypothesize were nuclei of
the more elongated nanostructures. This finding may explain

the transition from two different regimes in the self-assembly
of dinucleolipid 1 T, evidenced by turbidimetry and fluores-

Figure 4. DLS results for compounds: A) 1 A, and B) 1 T, at low (i.e. , 120 mm for 1 A and 10 mm for 1 T; green curves) and high (500 mm ; red curves) concentra-
tion. Representative TEM images of the spherical, rectangular and fibrillar assemblies formed by: C) 1 A, D) 1 A*, E) 1 T, and F) the mixture 1 A·1 T. For the
1 A·1 T mixture, it was not possible to obtain DLS data with good correlograms, due their fibrillar nature; signals corresponding to much larger and polydis-
perse structures were identified.
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cence assays precisely at those two concentrations (see
above). Interestingly, as rectangular morphologies are quite un-

usual for self-assembled organic nanostructures, AFM inspec-
tion was used to confirm the presence of crystal-like rectangles

identical to those observed by TEM (Figure S6B). The length of
these structures varied from a few hundred nm to more than

1 mm, with an average thickness of 50:7 nm. In clear contrast
to the assemblies formed by pure 1 A and 1 T, when both dinu-

cleolipids were mixed, TEM showed the presence of fibrillar as-

semblies (see Figure 4 F) with diameter values between 25 and
50 nm, and lengths in the mm scale (as determined by AFM).

However, spherical and rectangular objects were also present
in the samples (Figure S10). The existence of three different

types of self-assembled nanostructures for racemic 1 A·1 T was
confirmed by AFM (see next section). Such imprecise control in
the mixture self-assembly could be drastically improved

through the use of enantiopure compounds.

Enantiopure dinucleolipid self-assemblies

To complete the spectroscopic characterization of the self-as-
sembly behavior shown by the present dinucleolipid systems,

their enantiopure versions enabled circular dichroism (CD)
spectroscopy to be conducted at various concentrations and

under the same conditions as for the previous spectroscopic
and microscopy investigations. Importantly, whereas the race-

mic samples were CD silent, 1 T*, 1 A*, and 1 A·1 T* presented

CD signals in the range of 240–320 nm at concentrations of 50
and 250 mm (Figure 5 top and bottom, respectively). For most

of the spectra, bisignate (++/@) CD signals were observed at
both concentrations. For 1 T* at 50 mm, three maxima were ob-

served: a small positive peak at 295 nm, a negative peak at
282 nm, and a positive peak at 258 nm. For 1 A*, a positive

peak at 287 nm and a negative peak at 256 nm were identi-
fied. At 250 mm, the triple signal of 1 T* was somewhat modi-

fied, with a more intense positive peak at 295 nm than the
large positive band around 250 nm. For 1 A* at 250 mm, the CD

signal increased more weakly with concentration compared to
the CD signals of 1 T*. For the mixture of enantiopure com-
pounds 1 A·1 T*, the bisignate CD signal shifted 10 nm to
lower wavelengths when the concentration was increased
from 50 to 250 mm, indicating that chiral self-assembly of the

enantiopure dinucleolipids mixture was concentration-depen-
dent.

With the aim of shedding light on the fine structure of the
self-assemblies obtained from the enantiopure dinucleolipid
systems, and to compare them with the racemic ones, AFM
studies of 125 mm samples deposited on mica provided the

most interesting insights (illustrated in Figure 6 for the mixture
and in Figures S11–S13 for the rest of samples). In all cases,
AFM provided additional proof of the spherical (Figure S11),

rectangular (Figure S12), and fibrillar (Figure S13) assemblies
formed by each dinucleolipid system, but also of the effect

that enantiopurity had on their self-assembly processes. For
deposits of 1 A*, for example, AFM images showed a first very

thin layer of material (thickness of 0.5:0.2 nm), on top of

which were small grains and some large aggregates (bright in
the height image of Figure S11A). Zooming in on the small

Figure 5. CD spectra of 1 T* (black and gray lines), 1 A* (red and orange
lines) and 1 T·1 A* (light- and dark-blue lines) at different concentrations:
50 mm (top) and 250 mm (bottom), in HEPES buffer.

Figure 6. Tapping-mode AFM images of : A) 1 A·1 T, and B) 1 A·1 T* in thin de-
posits on mica from solutions at a concentration of 125 mm. Panel (A) is a
height image, with arrows showing coexistence of spherical (red arrow),
crystal-like rectangular (green arrow), and fibrillar (blue arrow) assemblies
formed by racemic 1 A·1 T, whereas panel (B) is a phase image of well-de-
fined fibrillar assemblies formed by 1 A·1 T*. The complete set of height and
phase AFM images for all samples are presented in the Supporting Informa-
tion.
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grains revealed their spherical structure (Figure S11B), compa-
rable to that of other lipid vesicles studied by AFM.[40] Their

average diameter was 87:6 nm; almost twice that of vesicles
formed by racemic 1 A. In some areas, circumferential assem-

blies appeared mixed with vesicles in the phase images (Fig-
ure S11C). These very flat structures (ca. 1 nm thick), which

were also observed for racemic 1 A albeit to a lesser extent,
were not visible in the TEM images, which led us to hypothe-

size that they could be planar tape-like deposits on the mica

surface, probably as a result of evaporation effects during
sample drying. For 1 T*, in turn, enantiopurity promoted the

formation of straight aggregates of the same type of crystal-
like rectangular assemblies previously observed for racemic 1 T,

with an average width of 60:10 nm for the rectangular as-
semblies and a few hundred nanometer width for their aggre-
gates (Figure S12).

The most spectacular effect of chirality on the control of
self-assembly was, however, observed for the mixture of both

enantiopure adenine- and thymine-containing dinucleolipids.
For racemic 1 A·1 T, the height AFM images allowed us to dis-

tinguish various coexisting morphologies (Figure 6 A, where
the different assemblies are indicated with arrows), while the

phase images provided further insights into their fine structure

(Figure S13A), with long thin fibers arranged as dendrons, to-
gether with “crystal-like” rectangular structures and spherical

assemblies (magnified image in Figure S13B) mixed with the
fibers. The three types of structures match in shape and size

those previously observed by TEM and AFM for 1 A, 1 T, and
1 A·1 T (see above), revealing that in the racemic mixture there

is a coexistence of assemblies from pure 1 A (i.e. , vesicles),

pure 1 T (i.e. , rectangular structures) and mixed assemblies (the
fibers). AFM images for the 1:1 mixture of 1 A·1 T* presented,

in contrast, a single type of structure, that being a well-defined
network of fibrillar assemblies (Figure 6 B and S13C), in the

form of short dendrites along main fibers, having an average
width of 25:2 nm. This result is a powerful manifestation of

the importance of enantiopurity in the self-assembly properties
of the studied dinucleolipids.

Dinucleolipid self-assembly models

Based on the above spectroscopic and microscopy data, to-
gether with previous models of adenine- and thymine-contain-

ing multicomponent supramolecular assemblies,[24,41–43]

Figure 7 shows a schematic representation of the hypothetical

structures that we propose for the assemblies formed by 1 A,

1 T and the mixture 1 A·1 T. For 1 A, turbidity measurements
and fluorescence assays indicate that the interaction between

adenine moieties is weak, and so self-assembly in this case
must be driven mainly by the amphiphilic nature of the mole-

cule. It is thus reasonable to propose the formation of bilayer
structures (Figure 7 A) that can lead to vesicular assemblies or

other lipid nanoparticles (e.g. , multilayer or solid lipid nanopar-

ticles).
The basic building block for the 1 T rectangular assemblies,

on the other hand, would be a tetramer formed through hy-
drogen-bonding interactions between thymine moieties (Fig-

ure S14A), as has been previously described for another multi-
ple thymine-containing self-assembling molecule.[41] Such tet-
ramers could then form stacks that, due to geometric con-

straints, would pack more closely into rectangular structures
(Figure 7 B). For the mixture 1 A·1 T, we envision two different
base-pairing modes (Figure S14B and S14C), both of which
could in principle lead to fibrillar assemblies, through forma-
tion of stacks of the base-paired molecular repeating units and
subsequent packing of strands into fibers.[24,42–43] The scheme

depicted in Figure 7 C corresponds to the first binding mode

(Figure S14B), as we hypothesize it would lead to a more favor-
able stacking of the 1 A·1 T dimers; although the second bind-

ing mode cannot be discarded. Importantly, these models
apply to both the racemic and enantiopure systems, yet enan-

tiopurity has a crucial effect on the degree of control that is

Figure 7. Schematic representation showing the hypothetical structures proposed to explain the self-assembly features of compounds: A) 1 A, B) 1 T, and
C) the mixture 1 A·1 T, either racemic or enantiopure. The adenine and thymine units are represented with red and yellow dots, respectively, while the long
oleyl chains are represented in blue.
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exerted on the self-assembly process, especially for the mixture
of dinucleolipids. In particular, whereas the mixture of racemic

1 A·1 T leads to a coexistence of morphologies of 1 T and of
1 A self-assemblies, together with fibrillar architectures made

up of both components, the mixture of enantiopure deriva-
tives 1 A·1 T* leads to a single type of morphology, consisting

of a network of thin fibers. This network of fibers is well-de-
fined and different from the self-assemblies of the separate

components, 1 A* and 1 T*, as its formation is driven by pro-

grammed complementary interactions between their two con-
stituent dinucleolipids.

Dinucleolipid self-assemblies as potential compartments

To show some potential functionality of the obtained self-as-
semblies, preliminary experiments based on confocal fluores-

cence microscopy (CFM) allowed their capacity to encapsulate

hydrophobic molecules in aqueous medium to be demonstrat-
ed. Nile red was employed as the fluorescent probe because

its tendency to incorporate into the hydrophobic pocket of or-
ganic assemblies in water or buffer is well known. Samples of

the individual dinucleolipids (40 mm) 1 A or 1 T were imaged
with Nile Red (0.5 mm) on a glass slide and, subsequently, the

complementary compound 1 T or 1 A was added. Control sam-

ples containing only dye were also inspected, showing black
images with no florescent objects on them. The samples were

excited at l= 550 nm and the confocal images were collected
at l= 570–650, corresponding to the orange/red emission

window. Interestingly, small dots were observed in the initial
images of single dinucleolipids (e.g. , Figure 8 A and B for 1 A
and 1 T, respectively), indicating that they incorporate the hy-

drophobic dye. Due to the low resolution of CFM below
200 nm, it was not possible to distinguish between spherical

and rectangular assemblies, as previously done by TEM and
AFM. After mixing, the sample showed a completely different

aspect, displaying in different regions of the glass slide the
Nile Red emission along linear structures that are reminiscent

of fibers (Figure 8 C, corresponding to the addition of 1 A to

1 T), probably because the probe molecules tend to deposit
over the formed fibrillar assemblies. These results therefore

confirm the transition from one type of assembly, i.e. , spherical
or rectangular assemblies, into a third type of self-assembled,
fibrillar nanostructure. Moreover, the three types of assemblies

are able to incorporate the hydrophobic dye, suggesting that
they could serve as drug nanocarriers and to host interesting

chemistries. Further investigation will be undertaken in this di-
rection.

Conclusions

In this paper we have described a series of dinucleolipid sys-
tems that allow control of the formation of and transition be-

tween different types of aqueous self-assemblies. The nucleoli-

pids under study contain two adenine or thymine units and a
hydrophobic oleyl chain directly attached to b-aminoalanine.

Consequently, all the components of these nucleolipids are
simple and plausibly protobiological. Moreover, they play key

roles regarding the dinucleolipid self-assembly properties : the
non-natural amino acid provides a high density of functional

groups for grafting the other units ; the oleyl chain is responsi-

ble for hydrophobic effects that contribute to self-assembly.
Furthermore, having two nucleobases per nucleolipid enriches

the possible pathways of self-assembly. For these reasons, the
dinucleolipids 1 A, 1 T, and the mixture 1 A·1 T, give rise to as-

semblies with completely different structural characteristics.
The crystal-like rectangular assemblies formed by the thymine-

containing dinucleolipid 1 T are unique from a structural point

of view. Spherical lipid assemblies (e.g. , micelles, vesicles, coac-
ervates, etc.) and fibers, on the other hand, have been inten-

sively explored in the context of systems chemistry, and the
possibility to control their formation and/or interconversion

based on nucleobase complementarity represents a promising
approach for the development of protocell compartments[4]

and replicating molecules,[44] respectively. This perspective is

reinforced by a demonstration of their capacity to encapsulate
hydrophobic dye molecules.

We have also provided a further piece of control of self-as-
sembly by synthesizing enantiopure 1 A* and 1 T*, which

showed distinct chiroptical signals when self-assembled. Enan-
tiopurity led to a better defined self-assembly behavior of

these nucleolipids. In the future, plausible prebiotic syntheses

of dinucleolipids and the potential of their assemblies as com-
partments or to reach non-equilibrium transient self-assembled

states will be investigated. Expanding the type of obtained as-
semblies through small modifications of the dinucleolipid, im-

proving their aqueous solubility to avoid the need to disperse

Figure 8. Confocal microscopy images of dinucleolipids A) 1 A, B) 1 T, and C) 1 A·1 T at 40 mm concentration; the Nile Red probe is at 2.5 mm concentration.
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them from DMSO, and further studying their structural (e.g. ,
whether they form single- or multilayered vesicles) and dynam-

ic behavior, are some of the open issues surrounding this new
type of molecule. Moreover, possible biological targets of dinu-

cleolipids are nucleic acids which, in addition to their interest
to systems chemistry, would hold technological/biomedical po-

tential.
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